) is a glycolipid biosurfactant abundantly produced from soybean oil by microorganisms at a yield of up to 100 g/L. In this study, the formation of water-in-oil (W/O) microemulsion based on the single component of MEL-A was confirmed using dynamic light scattering (DLS) and freeze fracture electron microscopy (FF-EM). DLS and FF-EM measurements revealed that the diameter of the microemulsion increases with an increase in water-to-surfactant mole ratio (W 0 ) ranging from 20 to 60 nm, and the maximum W 0 value was found to be 20, which is as high as that of soybean lecithin. Glycolipid biosurfactant has a great potential for the formation of W/O microemulsion without using any cosurfactants.
INTRODUCTION
Microemulsions are thermodynamically stable, isotropically homogeneous transparent systems containing substantial amounts of two immiscible liquids (i.e. water and oil) stabilized by appropriate surfactants [1] [2] [3] [4] . They are formed when their interfacial tension is extremely low (<10 -2 mN/m) 2, 3) , and are generally classified into three types water-in-oil (W/O), oil-in-water (O/W), and bicontinuous microemulsions depending on the spontaneous curvature (H 0 ) of the surfactant monolayers at the interface 4) . Recently, W/O microemulsion has attracted attention in various fields of application, including dry cleaning 1) , cosmetics 5) , and bio-diesels 6) . One of the interesting advantages of microemulsions is that microemulsion-based fuels contribute to decreasing the emission rate of nitrogen oxides (NO x ) and carbon monoxide (CO) with improved fuel economy 3) . However, the formation of microemulsions usually requires the use of surfactant mixtures with salt or alcohol 2, 4, 7) , and only a few surfactants such as sodium bis(2-ethylhexyl) sulfosuccinate (AOT) [8] [9] [10] or soybean lecithin 11) are known to effectively form W/O microemulsion without addition of any cosurfactants: this has limited widespread application of the microemulsion technology.
Biosurfactants are "natural" surfactants which are abundantly produced from natural resources such as vegetable oils by microorganisms 12) . They have many advantages over "synthetic" surfactants, including their mild production conditions and higher environmental compatibility 12) . We have previously reported that mannosylerythritol lipid-A (MEL-A), which is abundantly produced by yeast strains of Pseudozyma antarctica from soybean oil at a yield of up to 100 g/L, gives not only an excellent interfacial (water/n- [13] [14] [15] and reverse bicontinuous cubic (V 2 ) 14, 15) phases in water, indicating that MEL-A assemblies have a negative spontaneous curvature 13, 14) . These results imply that MEL-A would be useful for the formation of W/O microemulsion.
Formation of W/O Microemulsion
In this study, we investigate the phase behavior of a ternary MEL-A/water/n-decane system using dynamic light scattering (DLS) and freeze fracture electron microscopy (FF-EM), and report for the first time W/O microemulsion formation stabilized by natural glycolipid biosurfactant without adding any cosurfactants. , and incubated on a rotatory shaker (220 rpm) at 30 C for one week. The culture broth (30 mL) was then extracted twice with 30 mL portions of ethyl acetate. The layers were separated, and the organic layer was washed with brine and concentrated under reduced pressure. The resulting yellow oil (555 mg) was dissolved in chloroform (5 mL) and placed on a column (3 40 cm) of silica gel (50 g). The crude MELs were then subjected to chromatography with a close-gradient elution of chloroform/acetone (10:0 to 5:5). Each fraction was collected and again subjected to chromatography as described above to give MEL-A. MEL-A has the fatty acid composition of 18% C8, 71% C10, and 11% C12. The purity of MEL-A (> 99%) was confirmed by high performance liquid chromatography. n-Decane (Wako Pure Chemical Industries, Ltd.) was selected as an oil phase and used as received. An oil-soluble dye, Sudan III (Wako Pure Chemical Industries, Ltd.), was used to identify the oil phase.
EXPERIMENTAL
2 1 4-O-(4',6'-Di-O-acetyl-2',3'-di-O-alkanoyl-b-D-mannopyra- nosyl)-D-erythritol (MEL-A)
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To prepare the W/O microemulsion, MEL-A was dissolved in an appropriate amount of chloroform, and the stock solution was distributed into test tubes (about 0.25 g MEL-A each). After that, the solvent was removed by a rotary evaporator. The sample tubes were kept in a vacuum desiccator at room temperature for over one week to allow the complete removal of solvent. Next, n-decane was added to the test tubes containing MEL-A to obtain the MEL-A/n-decane mixtures with various MEL-A/n-decane ratios. The mixtures were then vigorously agitated with a vortex mixer and temperature-cycled several times between 25 and 70 C until thoroughly mixed. Finally, distilled water (Milli-Q) was added to the MEL-A/n-decane mixture and mixed as described procedure.
3
The size of the colloidal structures was measured with a DLS-7000 instrument (Otsuka Electronics Co., Japan) using a He-Ne laser of 632.8 nm wavelength as a light source at 25 C. The time-dependent correlation function of the scattered-light intensity was measured at a scattering angle of 20 . The DLS intensity data were processed using the instrument's software to obtain the hydrodynamic diameter, the polydispersity index, and the mass-diffusion coefficient of the samples. The mass-diffusion coefficient (D) was derived from the decay time (t C ) of the intensity autocorrelation function using D = (2k L 2 t C ) -1 , in which k L is the scattering wave vector. The hydrodynamic mass-diffusion coefficient D 0 is obtained as the limit of D as k L goes to zero. D 0 is found to obey the Stokes-Einstein relation, D 0 = kT/6PhR H , in which k is the Boltzmann constant, T is the absolute temperature, h is the viscosity of the solution, and R H is the hydrodynamic radius. In this study, the autocorrelation function was analyzed by using the cumulant method.
4
FF-EM was used to determine the size and shape of the colloidal structure. The samples were frozen with liquid nitrogen at 189 C. The fracture process was performed with a JFD-9010 instrument (JOEL, Japan) at 130 C and the fractured surface was then replicated by evaporating platinum at an angle of 60 , followed by carbon at an angle of 90 to strengthen the replica. The replicate was placed on a copper grid (400 mesh) after being washed with water, methanol, and chloroform. It was then examined and photographed by using a JEM-1010 (JOEL, Japan) transmission electron microscope.
RESULTS AND DISCUSSION
Here we chose n-decane (C10) as an oil phase since MEL-A has a similar length of two fatty acid chains (C8 -C12) as hydrophobic tails.
shows the structure of MEL-A. Firstly, we investigated the miscibility of MEL-A and n-decane by varying compositions, and it was found that MEL-A and n-decane were completely miscible at all compositions at room temperature, indicating that MEL-A is a relatively hydrophobic surfactant.
Then we attempted to prepare W/O microemulsion by the addition of water to MEL-A/n-decane mixtures. Interestingly, the samples kept their single-phase transparent appearance even when a large amount of water was intro-
Glycolipid Biosurfactant-based W/O Microemulsion
duced beyond its solubility against n-decane (0.0072 wt%) 16) , suggesting the formation of a W/O microemulsion. On further addition of water, the samples became turbid indicating the arrival of their solubilization limits.
We then confirmed W/O microemulsion formation in a single phase region using DLS.
shows the mean diameter of colloidal structure obtained from the ternary MEL-A/water/n-decane system as a function of water-tosurfactant mole ratio (W 0 ). From the results, the formation of microemulsions ranging from 20 to 60 nm was confirmed, which is within the typical range of the microemulsion system (< 100 nm) 1 -3 ) . Moreover, the diameter increased with an increase in W 0 value , even though it remained almost constant when W 0 value was fixed (n-decane to MEL-A molar ratio was increased) as shown in . This corresponds well to the typical features of W/O microemulsions formed by other surfactants such as AOT 1 [17] [18] [19] . The type of microemulsion was then checked as follows: 1) Small drops of the microemulsion were put into a test tube containing pure water or pure n-decane and observed. As a result, the microemulsion dispersed readily in pure ndecane, but still kept the drop-shape in distilled water. 2) The effect of adding an oil-soluble dye (Sudan III) on the visual appearance of the microemulsion was tested. The sample was strongly colored by the oil-soluble dye as shown in indicating that the oil phase was the continuous phase. These lines of evidence strongly indicated the formation of a W/O microemulsion 1) . Then, the structure of the W/O microemulsion was directly observed using the FF-EM technique, and shows the freeze fracture electron micrographs of the ternary MEL-A/water/n-decane system (W 0 = 1.5; , W 0 = 8.3;
, and W 0 = 14.3; ). The images give almost spherical particles whose diameters are nearly equal to those from DLS measurements. The deformed shape of the microemulsion is probably due to a relatively high W 0 value. W 0 value at the solubilization limit (W max ) is an important value to estimate the surfactant's capacity to uptake water in media. Our solubilization limit measurements at various compositions revealed that W max of MEL-A is 20. Although the value (W max = 20) is not as high as that of AOT (W max = 35 for AOT/water/decane) 20) , it is almost the same as that of soybean lecithin 11) . This is the first observation of W/O microemulsion formation based on microbial "glycolipid biosurfactant" without using any
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The possibility of forming a microemulsion strongly depends on the balance between the surfactant's hydrophilic and lipophilic properties, determined not only by the surfactant's chemical structure but also by other factors such as temperature, salinity, and cosurfactants 4) . Interestingly, glycolipid biosurfactant of MEL-A, which is molecularly engineered by microorganisms, has an excellent combination of hydrophilic and hydrophobic groups for the formation of W/O microemulsion at room temperature without adding any salt or cosurfactants.
Moreover, glycolipid biosurfactant-based microemulsion has a great advantage not only for environmental but also for biological applications including protein crystallization and separation matrix 21) , or enzymatic reaction media 22, 23) . This is because the sugar moiety of MEL-A was previously found to give an antimicrobial activity as well as a high affinity toward various proteins such as immunoglobulins 24) and lectins 25) . Therefore, glycolipid biosurfactant is a useful surfactant for the formation of W/O microemulsion.
CONCLUSION
The formation of a W/O microemulsion based on the single component of MEL-A, a glycolipid biosurfactant, was confirmed by DLS and FF-EM. The mean diameter of the microemulsion ranged from 20 to 60 nm, and increased with an increase in W 0 value. The estimated W max value of MEL-A was 20, which is as high as that of soybean lecithin. Glycolipid biosurfactant-based microemulsion would be useful for environmental applications, especially for microemulsion-based fuels, because biosurfactant itself gives a high environmental compatibility and is also abundantly produced from various oils by a microbial conversion process, which inevitably leads to a high usability of microbial biosurfactant in various oils and fuels media. 
